We report on intersubband absorption and photovoltage measurements on regular GaN/AlN-based superlattice structures. For barrier thicknesses larger than about 25 Å, the optical intersubband absorption peaks at a considerably smaller energy than the photovoltage spectrum. A simple model taking into account the oscillator strength of the involved transitions and the corresponding tunneling probabilities agrees with the experimental findings. According to this model, the observed photovoltage is the macroscopic manifestation that the two-dimensional electron gas at the top of the superlattice changes its carrier density by a vertical transport of electrons.
Nevertheless, intersubband absorption down to 1.06 m has been shown in heavily doped, ultrathin GaN quantum wells which were separated by barriers of either AlGaN, pure AlN, or AlN/GaN superlattices. 10, 11 In the majority of these experiments, the observed effects were purely optical and, except for one report, no vertical current transport could be demonstrated. 12 In a different type of experiment, one research group reported transport through thin AlN barriers in a resonant tunneling diode. 13 In our present work, we see the combined effects of intersubband absorption and tunneling in a regular AlN/GaN superlattice.
All our measurements have been carried out on epitaxial material grown by molecular beam epitaxy on C-face sapphire substrates.
14 Growth started with a 500-nm-thick n-type AlGaN buffer layer ͑Si, 5 ϫ 10 19 cm −3 ͒ with a high Al content, typically between 67% and 100%. Exact numbers have been measured using high-resolution x-ray diffraction and are shown in Table I . The active region consists of a regular 20 period superlattice with undoped AlN barriers and degenerately doped GaN quantum wells ͑Si, 5-10 ϫ 10 19 cm −3 ͒ and is typically about 50% relaxed. The well thicknesses range from 17 to 38 Å, while the barriers are between 18 and 34 Å thick. Finally, the multiple quantum well structure of all samples was covered with a 100 nm AlGaN cap layer of the same composition and doping as the buffer. This cap layer is partly relaxed. Lateral resistance measurements in the AlGaN buffer have shown that even such a high doping level does not lead to appreciable conductivity, especially if the Al content exceeds 80%. 15 Sample preparation for optical absorption measurements relied on polishing of 3-mm-long and 300-m-thick multipass waveguides as shown schematically in the inset of Fig. 1 . The polishing process was followed by electrical contact evaporation. The contact stripes were ohmic ͑Ti/Al, 40/ 400 nm, annealed at 800°C for 60 s͒, covered the entire sample length, had a width of 800 m, and were separated by 1200 m ͑edge to edge͒.
For the photovoltage measurements, the copper platelets holding the sample were mounted on the cold finger of a liquid He-flow cryostat held at a constant temperature of 10 K. In contrast, all optical absorption measurements were done at 300 K. The cryostat was placed into the sample compartment of a Fourier transform infrared spectrometer. For absorption measurements, the sample was used in transmission geometry; and the transmitted signal was measured with a liquid nitrogen cooled mercury-cadmium-telluride detector. During the photovoltaic measurements, the sample itself served as a detector. In both cases, illumination was accomplished by the spectrometer's internal white light source. Due to spontaneous and strain-induced polarization effects, a two-dimensional electron gas ͑2DEG͒ is formed at the superlattice/cap layer interface; whereas a twodimensional hole gas builds up at the superlattice/buffer layer interface. 16 Voltage versus current curves confirmed that the annealed top contact goes all the way through the cap and makes contact to the 2DEG. Under illumination, electrons are lifted into the excited states of the wells from where they drop either back or into an adjacent well. For the latter case, the field gradient in the 2DEG region promotes tunneling toward the cap and hampers tunneling in the direction of the buffer. Therefore, although not being very efficient, a net electron transport towards the AlGaN cap is established, the 2DEG is slightly enhanced, and a negative voltage occurs at the illuminated top contact. At the dark contact, however, no enhancement will take place and no voltage builds up. By measuring between an illuminated and a dark contact, we are thus able to see a photovoltaic signal whose sign depends on the position of the light spot on the sample. Figure 2 presents optical intersubband absorption and photovoltage measurements for all samples. All absorption curves were obtained by dividing the p-polarized sample transmission spectrum by the p-polarized spectrum of the internal white light source, followed by the normalization ␣͑͒ ϫ L =−ln͑I sample / I white ͒ with L = 3 mm. With decreasing well width, a transition energy increase due to quantum confinement is clearly visible. According to Fermi's golden rule, the surface under the absorption curves is proportional to the oscillator strength of the optical transition. Nominal and computed doping densities are shown in Table I and agree reasonably well. From the amount of linewidth broadening, one can deduct an approximate number for the interfacial roughness of the layers. A naive comparison of samples A and B, and of samples C and D, which each have 5 Å well width difference, i.e., about one monolayer on each side, reveals that the thickness fluctuation in all wells must be on the order of roughly one monolayer ͑2.4 Å͒. This becomes clear once we notice that curve A drops to about half of its maximum value at the photon energy where curve B is maximal, and vice versa. Especially for samples C and D, s-polarized absorption and photovoltage peaks were not negligibly small. This apparent violation of the polarization selection rule is a result of polarization coupling, interface roughness, and the standing wave effect in the active layer. As far as vertical transport goes, samples C and D show the expected behavior: Absorption takes place at the lower edge of the miniband formed by the coupled first excited states while due to an enhanced tunneling probability, vertical transport is more probable to happen at the upper edge.
In contrast to samples C and D, samples A and B reveal a significant difference between the absorption and the transport spectra. In sample A, the fundamental absorption peak still shows up in the photovoltage spectrum, although accompanied by at least two other transitions. In sample B, however, the photovoltage peaks at a completely different energy than the absorption. In addition, its relative full width at half maximum is so much larger than in the other samples, that we strongly believe that multiple transitions into higher energetic states are at the origin of this broad signal. The reasons for this rather peculiar behavior can be understood on the basis of the following model. In first approximation, the photovoltage for each transition is a Gaussian whose height is proportional to the corresponding oscillator strength times a tunneling probability computed via the Wentzel-KramersBrillouin method times the blackbody spectral intensity of the illumination source. 17 Since both barrier height and thickness are different for different transitions, the respective tunneling probabilities can vary by many orders of magnitude. It is therefore possible that a transition into a higher excited state, although having a very small oscillator strength, becomes the dominant one for transport. This is exactly what happened for samples A and B: they have thick wells ͑A: 38 Å, B: 33 Å͒ which contain the two lowest confined states in the triangular section of the well. In addition, sample B has an extremely thick barrier of 34 Å, which makes tunneling from the first excited state into a neighboring well's ground state very unlikely.
In order to further understand the functioning of our samples, we investigated the transient behavior of sample D at different temperatures. The left half of Fig. 3 shows such a series of photovoltaic measurements as a function of time and between 5 and 180 K. Time was measured from the onset of the illumination with the spectrometer's internal white light source ͑25 mW total power͒. After each measurement, the temperature was ramped up to 313 K in order to maintain identical starting conditions. At temperatures below 80 K, the photovoltage jumps abruptly to about half of its maximum value, increases more slowly up to the maximum, and finally decreases toward zero. The signal changes after the sharp initial increase are faster at higher temperatures. All these observations are consistent with the simultaneous occurrence of an intersubband absorption/tunneling process, persistent photoconductivity, and optical quenching of photoconductivity in the GaN wells. Hence, if one of the two identical ohmic contacts is illuminated, the 2DEG at the superlattice/cap layer interface will be quickly enhanced by the intersubband mechanism described in Fig. 1 ; this lifts the Fermi energy and results instantly in a negative voltage at this contact. 18 This voltage becomes larger if the lateral conductivity in the wells is low and vice versa; and the latter is strongly influenced by parasitic effects due to midgap states. Since the spectrometer's white light source is filtered only by the ZnSe window of the cryostat, photon energies up to 2.5 eV are available. As Ursaki, 19 Hirsch, 20 and McCluskey 21 have pointed out, this is sufficiently large to release trapped electrons and holes from their midgap states into the conduction and the valence band, respectively. In addition, it has been observed by other groups that optical quenching takes place on a different, faster time scale than the persistent photoconductivity. 19 For this reason, we initially see a signal increase ͑conductivity decrease͒ which lasts up to 200 s; afterwards the signal decays more slowly toward zero ͑conduc-tivity increase͒. In agreement with earlier publications about photoconductivity, the concomitant signal decay is much slower at low temperatures than at 180 K. Below 80 K, the measured signal dropped even below zero; but this could be an artifact due to an insufficiently long recovery heating at 313 K. In Fig. 3 ͑left panel͒, we corrected for this effect by adding a small constant of 1 mV to the curves of 5, 20, 40, 60, and 80 K. In order to suppress the photoinduced carrier release, we re-measured the curves from Fig. 3 ͑left panel͒ using a silicon wafer as an optical filter ͑absorbing for Ͻ 1.1 m͒. During these measurements, the optical threshold for electron/hole release was not reached and thus no signal decay was observed ͑see Fig. 3 , right panel͒.
In conclusion, we have presented results which show unambiguously the signature of vertical transport in AlN/ GaN-based superlattices. The main argument is based on the fact that optical absorption can peak at completely different wavelengths than the photovoltaic measurements. Especially if the barriers were very thick and high, we observed higher order transitions, whereas the first excited state did not dominate the spectrum or not even show up. Temperaturedependent measurements on one sample revealed furthermore the detrimental effects of persistent photoconductivity in GaN.
